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PSEUDOSPECTRAL SOLUTION OF INVISCID FLOWS
WITH MULTIPLE DISCONTINUITIES

I. INTRODUCTION

{

The author has shown [1-3]vthat a pseudospectral technique may be
coupled with fourth-order artifical viscosity and spectral filtering'[&]‘to

solve inviscid flow fields in which a single discontinuity is present. The

flow fields treated in this manner have been both one and two dimensional in

character; the former comnsisting of a shock wave propagating in the co-

ordinate direction and the latter a supersonic wedge flow. This report

presents results using that same combination of smoothing techniques applied

/-—'\,
to flows where multiple discontinuities arise. As in Reference 1,,Ihe full

inviscid equations of motion (Euler equations), cast in conservation law

form, are used together with an Adams-Bashforth time differencing algorithm.

N -2 ’riﬂrf

Two classes offmultiple discontinuity inviscid flows are solved: (1) a

bursting diaphragm problem, in which a shock wave and contact surface dis-
continuity are simultaneously present, but neither have yet reached a
boundary, and (2) the flowfield which arises when two normal shock waves of
unequal strengths, traveling towards each other, collide and give rise to
two shock waves of new and different strengths along with a contact surface
discontinuity.

\

I1. Solution Technique

The time-dependent, one-dimensional, Euler equations of motion in

conservation form are given by:
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and p is the pressure, p the density, u the velocity, and e the energy.
Equation (la) is solved in the following manner. The spatial derivative is
obtained pseudospectrally. Starting with known values of the vector
elements of E at a specified time, a Chebyshev series is fitted to the

ES
values of each E element. The Chebyshev series is represented by

=4

E(x,t) =L A (£)T (x), (2)
n=0 O n

where the Chebyshev functions, Tn(x), are defined by
T (x) = cos [n cos™t (x)]. (3)

The collocation points where the numerical values of E are known are given
by
X, = cos -+ R 0< j< N (4)

Therefore, equation (2) becomes

N

£) =0 A (1) cos L2, (5)

E(x N -

]
To fit a Chebyshev series to the E data requires the solution of (5) for the

An's. This is done using an inverse FFT.

The spatial derivative is then determined from the An's in the
following way. A different Chebyshev series is used to represent the

spatial derivative.
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§£=z a Py 1o, (6)
X n n
n=0
where
N-1
A“)=C—2- T pA, 7
n n p=n+l
p+n=o0dd

C.=2,C=1for 0<{n< N,
0 n

(1)_
Ay =

Performing the sum in (7) for the An(l)'s and using a direct FFT in (6)

0.0 .

yields the spatial derivative values at each of the collocation points.
The solution for B is then advanced in time by using the Adams

Bashforth algorithm.

%t t-At
¥ t¥#t _ wt 3 9ENy” _ 1 dE
U, = U+ (ax)j 5 At(—-—ax)j + D, (8)

This process (equations 5 through 8) is then cyclically repeated. The

dissipation term Dj is evaluated from the following finite difference

representation of a fourth derivative.

Dy = - {UJ'+2+ Bipm4 [Uj+1+Uj-1] *e Uj} . (9

where j denotes the spatial position (collocation point) index. The

spectral filter (reference 4), used to damp out the high frequencvy solution

components, is given by

- vy vy
ettt e

K K 4
_' -Q 'i_—_'f- ; (10)
X max o
E e
.
{ where K, is the spectral wave number, K ,. is the maximium wave number
E; (corresponding to the total number of collocation points) and Kb= %'Kmax'
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:‘:. The time integration step size was determined from the pseudospectral g
:Q- form of the Courant-Fredrich-Lewy (CFL) condition, with a Courant number of
0.5. —
o]
At < 8.0 CN (11)
¥ max (Jul+c) o
Here u is the velocity, N is the total number of points, c is the speed of i .,.4
sound, and CN is the Courant number. .1
1
The boundary conditions were based on the flow which arose at each o
boundary. For the bursting diaphragm problem, there was no flow (velocity = ’
zero) at the boundaries. (The calculations were terminated before the shock ;;1
or expansion fan reached a boundary.) Therefore, the boundary conditions R
were to keep all physical variables held fixed throughout the computation.
For the colliding shock waves problem, variables were held fixed at

supersonic inflow boundaries. This is a physical boundary condition since
the integration times were kept well below those where either the contact
surface or shock wave reached their respective boundaries. Outflow boundary

conditions, namely the derivative equal to zero, were not considered in the

present work. However, at subsonic inflow boundaries, a different approach

was used. At a subsonic inflow boundary two inflow characteristics exist,

namely g% =u and u + ¢. The single outgoing characteristic propagates )

1
along ?1—: = u-c. The respective characteristic values are (p -pc?), (p + puc) ;
and (p - puc), where c is the speed of sound. Following reference 5 two flow L

variables are specified at the subsonic inflow boundary, and the third is

computed from the calculated value of the outgoing characteristic.

g :
h ITII. BURSTING DIAPHRAGM RESULTS ety

Two cases were considered:

1 Pressure Ratio Density Ratio
F (D 5tol 2 to ! ’ "’
- (2) 10 to 1 8 to 1
3 _-
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» -8
2
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They will be discussed sequentially.

Results for case (l) are shown in figures ! through 4. The diaphragnm
separating the two stagnation zones is located at x = 0.0. One hundred
twenty—-eight Chebyshev series terms were used to represent the flow. The
time integration was carried out to t = 0.378 (3500 time steps). The
analytic solution is renresented by the solid line. The dashed line
represents the analytic position of the contact surface discontinuity. The
angled solid line represents the expansion fan. At all times the shock wave
is correctly represented as a discontinuity traveling with the proper
velocity (no phase error). The contact discontinuity is spread uniformly
over four to five grid points. That is, the points all fall on a straight
line whose slope is slightly less than ninety degrees (the exact discon-
tinuity value). The same behavior is present in the energy plots. It is
not as clearly visible in the figures because the difference in energies on
the two sides of the contact surface front are very small in comparison to
the difference in densities. The pressure and velocity correctly show no
variation across the contact front. The expansion fan is represented
properly. Some minor humps are present both on the high and low state
variable sides, and there is a slight mismatch in slope. This mismatch is a
function of the physical variable being plotted. It is greatest for the
velocity while least (and about the same) for the remaining three flow

variables.

Results for case 2 are shown in figures 5 through 8, The attributes
discussed above are also present here, as 1is expected. In the velocity
plots there are two zones of oscillations in the region behind the shock
wave, It turns out that the dividing line is the contact surface
location. In front of the contact surface these oscillations are very
small, while behind it they are non-existent. Additional dissipation would
remove this imperfection but at the expense of a minor loss of shock

resolution.
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IV, COLLIDING SHOCK WAVES PROBLEM

To the authors's knowledge this is the first time this problem has been

treated by pseudospectral means. Two cases are considered:

Left Hand Side Shock Right Hand Side Shock
(1 M= 2.5 M= 1,5
(2) 4.0 1.5

The right hand side shock wave is propagating to the left while the left
hand side shock wave propagates to the right. These two cases were chosen
because after the shock waves intersect, the shock on the left (initially on
the right) moves in different directions with respect to ground fixed
coordinates for each case. It moves to the left for case 1 and to the right
for case 2. These cases result in supersonic inflow at the left hand side
computational boundary and subsonic inflow at the right hand side computa-
tional boundarv. The boundary conditions were to keep all flow variables
fixed at supersonic inflow points, while at subsonic inflow points the
pressure and velocity were specified and the characteristic value of the
incoming characteristic was used to calculate the density. The energy
equation is used to calculate the energy. (Even though characteristic
boundary conditions were used for the colliding shock problem, this fourth-
order smoothing was not able to control Gibbs oscillations emanating from
the subsonic inflow boundary. A second-order scheme was required in the
neighborhood of that boundary to keep those oscillations under control.
Without it the computed solution rapidly diverged from the analytic solution

at the boundary.)

The initial conditions are shown in Figures 9 through 12. Results for
the first case are shown in Figures 13 through 24 . The analytic solution
is shown for comparison by the solid lines. For this case the shock waves
intersect at t » ,057 . These conditions have been chosen so that, after

the intersection, the shock on the left is provagating t~ the left with
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respect to ground-fixed coordinates in case 1l and to the right in case 2.

The arrows which appear in all post-intersection figures are used only to

indicate the direction of propagation of each shock with respect to a ground

$a ot B

fixed frame of reference and bear no relation to other shock character-
istics. As previously mentioned the two post-intersection shock waves

travel in opposite directions for this case.

s Aoa o aa  La’

The solution at post collision times is plotted in Figures 17 through
24, corresponding to the 2000th, 4000th and 6000th iterations respectively.
The solid lines represent the analytic solution. Agreement in the position
of the discontinuities between the analytic and computed solutions is very
good. At the 2000th iteration the agreement with the flow variables in the

region between the two shock waves is only fair since only five points lie

A A“l

in this zone at this time. However, as the number of iterations increase
and this zone becomes larger (i.e. more points lie within it), the agreement

becomes very good. By the 4000th iteration, the computed values of flow

il Aa

variables exactly match the analytic values.
The difference in resolution of the two shock waves is due to two

factors. The first is that the artificial viscosity constant cannot be

W Y Vumwa)

tailored to both shocks, which are of different strengths. The value used
herein was selected to provide maximum resolution of the stronger shock

while producing minimum rounding of the weaker shock. As can be seen in the

figures there is some minor rounding of the weaker shock wave. The second
and more significant reason is that the physical space point resolution is

+ 1 and least at x = 0.0. The weaker

not constant. It is greatest at x
shock in this case always lies in the neighborhood of x = 0.0, the minimum
point resolution zone. This is why the computed shock front of the weaker

shock is not as steep as for the stronger shock wave.

The opseudospectral resolution characteristics of the contact discon-
tinuity are not as good as those of the shock waves. Part of this is due to
the above mentioned unequal point spacing. However, most is due to the

nature of the solution scheme together with the significant difference in

the phvsical nature of the two types of discontinuities. Shock waves yield

discontinuous values of all flow variables across their front while contact

PSPPSRI T S LIS LIPS T N R
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surface discontinuities yield jumps in density and energy alone.

Results for the second case are shown in Figures 25 through 40 . There

are several important differences between this case and the first., The

%) SDPPIR

initial shock strengths are such that, after intersection, both shock waves R

aiat

move to the right with respect to ground fixed coordinates. Further, the

Vel oo

difference in post intersection shock strengths is greater in this case.

U
PPN

Perhaps the major difference, however, is in the initial positions of the
shocks., In the first case both were far away from the computational
boundaries. In this case it was decided to purposely place one shock much

closer to a boundary to see what, if any, effect this would have on the

L.

properties of the solution. The left hand shock was placed only twenty

points from the computational boundary. No adverse results were observed.

As in the first case, the comparison with the analytic solution is very

good. All shocks are resolved as sharp discontinuities and at the correct

cX)

position. The contact surface resolution was as before not as good, being

spread over four to five collocation points, though centered about the

analytic location.

V. CONCLUSIONS

. . ‘W T .
atnf e b i dmladal

The central conclusion is that the pseudospectral solution technique

together with a fourth-order artificial viscosity smoothing scheme works

%
just as well for cases where multiple discontinuities are present as it does f
when only a single discontinuity is present. The resolution of contact .E
surface discontinuities is not as good as that for shock discontinuities, :i
the former being spread over four to five grid or collocation points as k
compared to two to three grid points (one to two grid intervals for the u
latter). f

L




S Aarerad- - OMASRCRCLERERaPR LA T I B <

*1 9se) ‘pIalIjg Panssalg mofqg wieaydefq Surasang 1 2and1y

: €P—-3BS ° =XSSI0 ‘B2 T=XN ‘E@-3IVBBT ° =10 ‘BOSE =dILI

SIXV—X
%17 B % 17 B 74 ag " 1-

y . - . . - -~ a > - ~an a 2 a . PV ——

”. [ ¥ && l&

w S 7 -

g 20 °1

ﬁ

f

{ o 190 2 @ ,

L |

: 0 ]

” 0 |

: v 3 |

w 'S M
120 -9 L

8




P T T o A ABURSEARAGEE D A . 2tOlChnbeiese ol oxmn e ametesais S o e As e e e acard.. SmChLamaserarad o \AMARG

Po "1-

‘1 ase) ‘pralg AIrsuaq molq wdeayderq Bupisang 7 °@and1y
EQ—-3J0GS ° uxmmHD.mmﬁﬂxz.mﬁﬁm&m&H..nhG.&&mm =311
SIXV—X
20 "1 v "0
] ¥

P2 ‘0

L&mt

P2 °1

Qs °1

ALISNZ30

el 70 °2

gs ‘2

10




T Ta L T ayr e T T e s B ACELALALALIRRME § < A SOatnie b rtd - SERRAROCE - AR IIREEEERRY B u

)

4

4

*1 @se) ‘pratd AITOOoT9A MmOT4 wleaydeyq sujlsing ¢ dIudyy m

EP-30RS ° =XSSIA ‘821=XN ‘€0-30801 ° =10 ‘DAGE =d3IlI i
|

SIXV—X ‘
0 "1 (74 ] 74 I 4| g3 "1 - j
{ ! G - ]

BQ "2

11

ce i

s -

ALIJOTI3A

SL-°




E
|

AR e

g "1

SEDOOES Fatei KRt aDTDDbe: ¢ ERAG I S S AT AR AR

*1 9se) ‘pIol4d AWasuy molg wse.ydeiq SBuyisang % 2angyg

EP—3TQS ° =XSSIA ‘821=XN ‘E0-30801T ~ =10 ‘BASE =y31I

SIXV-X
20 "0 g "1 -

Ealib ot (AR A i g

J 7] 7 I |




(3 An it

~‘

CIhan e T s Tt "4

EQ-3QS °

B3 "1

E IR [ DR
*Z 9se) ‘pIalg 2anssaaj Mo wseiydeyq suyisang G dand [y

=XSSIA ‘821=XN ‘vt@-3B186 ~ =10 ‘OBSE =y311

SIXV-X
Bva "3 % 17 B N

J B3 "0

13

7417 B o

g0 "8

JdNSS3dd

180 “c1

AT A i o m‘ T
at B
'

PPN




Ch s o o \ Ry A At s S i oA S it

EQ-30S °

7] 7

-

=7 9sen ‘prarg L3IIsuaq moTq wdeaydelq Bupisang

=XSSI0 ‘821=XN ‘y@-30186 -

SIXV-X
7] 7 vy

9 aan3d1yg

=10 ‘BASE =d311

g "1 -

20 "0

/
K
1
4
l
]
4
d
A
4
d
J
d
i
J
4
!
4
4
i
{

14

193 v

180 9

ALISN3A

B2 "at




VT IO T el T

MR T ST A

*Z 9sen ‘pIaigd A3roolap molqg wdeaydeyqg Burisiang [ 2an3d1y
EP-3BS ° =XSSIO ‘821=XN ‘P@-3B186 ° =10 ‘BBSE =y31lI
SIXV-X
% 174 I 74 717 T ey
J GS -

ALI3OTI3A

1se °1

15




M AR ek Jad 4

'.‘.-.‘.‘.‘E.!.‘,- e el

e

S Py .

*7 9se) ‘prorg Adisug morq wseayderqg SBujasing g 2ansT4q

EP—3AS ° =XSS10 ‘82T=XN ‘vB8-30186 °~ =10 ‘BASE =+431LI

SIXV-—X .
a1 B "2 7] 7 B Gy
r J B3 "4

B3 °S

16

B2 "31

vBa "S1

BE@ "ac

AJH3INZ

23 "S2 d




20-302 - =XSSIO ‘821I=XN ‘v@-3S2EQ9 °~ =10 ‘D =831 1

%17 B

‘1 9sep ‘pIOTJ 21nssaid TETITUT ‘SIAEBM POUS SuTpIIT0)

SIXV-X
PO "0

6 2aIn3d1y

7 17, N ey

NOIL1J3SH3ILNI-3dd

1@e "9

JANSS3dd

17

P I . A Y e e P P S S T Y e

P T VA



EA-308 °

22 "1

.....

] @sep ‘pTaTd AITsusq TBTITU] ‘SdaeN YOoug SUTPITTO)

=XSSI0 "B821=XN "v@—-3S2EQ ~

SIXVY-X
ko "2

=10 ‘0

01 @Ind1yg

20 "1 -

NOI1J3SN3ILINI~-3Jdd

190 v

=211

18

ALISN3Q

RS Y SRR A ) Y SO

P S S

PP -




rdh ol SR T S

URw T 3 T

T

halEN AR S JVEA et e

i T= = S P - al o
‘I @seD) ‘pIaI4 KIT00[9A TBIITUT ‘saney poys Suipiryon 11 ®anf¥gy
EP-3B8 ° =XSSIA ‘B2T=XN ‘v@-3ISZEQ - =id ‘@ -N3ILI
SIXV-X
20 1 20 ‘g 00 "T-
f T Qm e ﬁ —
1202 ‘o
| 1@s 1
NOILD3ISHNILINI-INd ‘90 ‘€
« IR WO,

19

LR Y P

ALIJO3A




REEA IR INEMA AR L REEDSSE SERECRCE! AENSS B BRI
. | !
: |
3 {
f *1 asen ‘pyO1d ABasuy TepITu] “sanepm yooyg SulprITIon Z1 2and1y d
’ E@-3@8 ° =XSSId ‘82T=XN ‘v@-3S2€9 ~ =10 ‘D =y3LT _
! m
f SIXV-X |
P2 °T o0 '@ 20 "T- m
f ' 20 "o .
1 j
] 100 °9
. 8 |
' 128 *21

192 ‘81t

AQU3IN3

; 9@ "v2

2 @0 "@€ ]
8 NOTI 1D3SH3LINI-3dd

T

aliind

SRR | lvll..r»,luxhu.bv.i.ﬁ_lny \DLL\LLNI».LEL.N’\.P.FL e



*1 9se) ‘pPIoI4 2INSSIAA] UOISI[[0)-1IS0O] ‘SOABM Youg JUulpITIO)D €1 2Ind1y4

c@—-38c ° =XSSIA ‘82I=XN "v03-3S2E9 ° =10 ‘0002 =d3lI

SIXV-X
20 "1 28 " 20 ‘1T -
r T B0 "0
»
SEN0000000000000000000 002

L H_ 108 °9

23 21

198 "8I

NOI1J3SY3INI-1S0d

JANSS3ad

21

Y PR "




ﬁ e o e e e & e e T e SRR
j ]
ﬂ *1 @se) ‘praty AITSudq UOTST[TOD-3IS04 ‘SdABM YOOUs BUTPITT0) vl oand1y
§ cPA-302 ° 3xmeD.mNﬂIXZJ¢Slmmwa. =10 ‘B30c =H31I
[
SIXV-—-X k
| 7,17 I § Bag "a 20 "1 - A
ﬁ d J 20 "0
: » .
X »*
_ !ii.liq 1ea -2 ]
& 1
. 0
” «B’iiii m
1 e v ¥
" -
w.. N IA
» »

1922 °9 :

NOI 1J33SH3LINI-1S0d




MELAR HERAEEEY < iU IR St B |

v v v

Pafintadiar ARE o

3
k
l’
"

]
X
o
;
R
Y

..,..-..1!.L4. T T uql

‘1 @se) ‘PToT4 AITO0T3\ UOISITI0D-1804 ‘SoAEM YOoyg BuUIpPI(10D G1 2an31y

c@—-302 ° =XSSIAd "'821I=XN "v@-3SCEY ° =10 ‘0002 =311

SIXV—X
20 T 20 "0 22 1T -
! » v s °1 -
.----x;x9xoxxooo...ooooooooooocunnuwn,
| 120 ‘2
" <
m
r
o)
o
[ ]
1as 't -
<
NOIL1J3SHILNI-1S0d ‘20 ‘€
o e




P L AT R T MY LA b | ARG SID- A MM+ ATAENDE T g« sar
;

,(.

X "1 ®SB) ‘pTarq A31duj UOTSIT10D-3S04 ‘SaABM POYS BUTPI{(0n 91 Laniyg

. 2@-302 - =XSSIO ‘82T=XN "v@~3S2€9 ° =10 ‘0002 =x311

“ SIXVY~-X

! P2 "1 20 ‘o P2 "I -

] . ' 20 2

) »

{ 40000000000000000000000000 2L 2

m_ 188 "at

: .

s 120 ‘282 R
1 P V- |

” m
5 M
m f 1008 @€ p i)
g | o
4 L <
“ ot jo0o "av

3

w_

g 100 "9SS

w NOI LJ3Sd¥3INI-1S0d




D U SR *

wy3LI

."l
20 "2

20 °9

25

23 "2t

JAINSS3d

e T TTE e T e
*1 9se) ‘pPrald 2INSSaAd UOTISTTITOD-180d ‘SaneH HOOYS BULIPITIIoD 11 @23Insig
c@-302 ° =XSSIA ‘82I=XN ‘y@-3S2CEY9 " =10 ‘00aV
SIXV-X
7 17: B § P9 "0 20
| L
.llifii!fkw.
B aamaey
r L * -
»
‘_ <
g NOTI 1J3sS¥3INI-1S0d
m - . S

28 ‘81t

sl




v e

e

-

L J

T Y - rrr T YT
| @ e U e

*1 @se) ‘pIaTgd AITSud(q UOTSTTT0D-I504 ‘S3ABM MOoys BUIPITI0D 81 2an3yy

c@-302 ° =XSSIA ‘'82T=XN "v@-3S2CEQ9 ° =10 ‘00@8y =MH3LI

SIXV=X
20 "1 20 "2 20 [ -
) J 20 ‘0
»*
U .. 3
1@ -2 )
?‘iii G
— :
J )
S 20 v ..e...
I-
. * p;
.l....Wc&‘cooﬂ“[
192 °9
NOI LJ3SM3ILINI-1S0d W
u
i L\ AN R - . e - I PPN




TR TR T TR OTRATTA TR T TR vy e T e

— - —~—
Mo Al T ", B ot 08 B A LRARSE ull.lq DA SRR S S m.._:w S ﬂt

’ L L D . . . R NN PR . v X R \

e o le S e g e A . @ ’ !

‘I °@SB) ‘PIST4 AITDOI3A UOFSIITOD-1504 ‘SDAEBN HOOUS BUIPI110D 61 @Ins1y

20-382 ° =XSSIa ‘82I=XN ‘v@-3S2E9 ° =10 000y =y31I

SIXV-X
22 °1 20 "0 23 "t -
~ J gs "t-

27

.AIL 122 o _@

ALIJO3A

NOIL33SNILINI-1S0d ‘00 ‘€ :

._
., ..1 ARy l.# -~ R OITIIN e .n Wl .»sm R L e u S




e L e T T e e T T T T T @ ey T ey 1
*1 ase) ‘pPIo1d L3asujm UOISITI0D-1S04 °S9ABM Yooyg Suilpriiod 0z @aniyg
CB-302 ° =XSSIA ‘82I=XN ‘v@3-3G2E€ES ° =10 ‘000y =x311
SIXV—-X
22 "t 20 ‘2 20 "I -
) . 20 ‘2 _
4
A
‘gt ;
]
‘22 %
m A
7 w
‘@e M .
0 w_
< :
‘v ,M
_ 1@ ‘8s @
3 NOI1J3SM3IINI-1S0d ;
F. ,‘r LL.L




. N | Lo
. .n.b'bbhl#bllbb’

Ta Ta T Ta T T e T el T T

q

*] 2Se) ‘PI9TJ 2aINSSald UOISIIIUD-1S0J *S3neM YOoug SUIpITio) [Z 2anigyg “

{

2@-302 ° =XSSIA ‘82I=XN ‘v@-3S2CES ° =10 ‘00809 =¥y31I f

SIXV—-X “

ST I : 20 ‘@ P2 "T- _.u

| f v Q0 "2 8

\ " :

L s— ]

| oS lee ‘9 2 “

. o L‘oiij L
b v.. d
ﬂA " m
M C
! o P23 "2t 2

1 H?jl m ]

“. - ‘ m

| |

: 120 ‘st @

. NOI L1J3S¥3LINI-1S0d )

“ |

“_

ﬁ.. ° - ° ° _“

- .




"] @sep ‘pPIOTA KITSUDQ UOTSTI10D-1S04 ‘SIABM NOOUs BUTPFTT0D Tg Pandyy

. 2P-302 ° =XSSIO 82 I=XN ‘+@-3ISTEQ * =10 ‘@GS =¥ILI p
w SIXV-X M
. 2ot 20 ‘0 @3 T - |
| . . @0 ‘o |
. ]
v. |
4 * |
ml . 120 -2
A o
3 0 .
: - 2 |
e '+ ® |
(]
-
L » -A
ﬁ.
g
” NOT LJ3ISNIINI-150d




R et B TR Y C N IREREE S DAt ar i b -SMREMOMCACERSIS - ASAMAMARARARSE - R POERPL PR PR AP R Y

*1 @se) ‘PIa1d AITD0TdA UOTSITTO)-3S0d ‘saAeM >Ooys BUIPTITTI0D €z @andyy

20-302 ° =XSSIA ‘821=XN "v@—-3S2€9 ° =10 ‘029 =M31]

SIXV—-X
22 1 22 "9 20 "1-
: . @s "1- J

[t Sk St ]

S S al alm® o me .

31

192 "@

— T T % T TR T

ALIJC3A

- e W oW T W e T W W W W Y W

NOI LJ3SM3IINI-1SOd 0. ‘€

. N '
al ‘e ,...IP.P.-L.\LF..L.LLFL.LI\.L

it hAntn s SeCR ‘o Mt
>~

S

"




e e o CX e e e e o B M
m *1 asen ‘prarTg ABiaum uUOTSTIT0N-1804 *SaABRM MOoyg SulIpIT1o0) 7 @anitg
c@—-302 ° =XSSIAa ‘821I=XN ..?lem..Nm.O * =10 ‘9009 =M31I1
SIXV-X
| 20 "1 a0 "9a 7, [7, N
,_, . ' 290 ‘0 M
”H L
r st :
m 1@ "ot ;
| :
: 1 120 ‘@2 . :
3 A ] k
f A P r0000000000000000060006004000mmmmnn] m ..,
,ﬁ M 4 u
, - . m .
9 |
W »* < l
o
: e 20 ‘2v u
r
. 100 ‘os |
w NOIL1J3SM¥3LINI-1S0d w




w‘ T Y =T . - = T TR p 4 T A al T
: .
. *7 9Se) ‘PidI4 2ansSIAg [BIITUT ¢ sanepm Yooyg BuiIpiiiod GZ 2angyy “
N 20-3082 ° =XSSI0 ‘82 [=XN ‘¢@-3SSE6E * =10 ‘D =y3LI
ﬁ SIXV-X
23 "1 B3 '3 7 17, B e
' 7 O 20 "2
ﬁ @0 'S |
L ]
=
”. . B ) )
ﬁ o0 ‘ot
3 m |
| n {
- a |
, @3 °St 3 w
m ]
3 20 "02 “
|
“ NOIL1J33SNILNI-3¥d :
: ]
f A
e 2 R W RO




¥ WL w TR TR TR TV TR TW TR W OR e T T AT e e e e e e . m e

ulqllli‘l‘llj ”—‘]1111!“%11 ul.‘.‘].ilww{] u- Rl AL d

:
{
*Z @se) ‘PT9T4 A1ysusq [BTITUT ¢SaAeM NOOUS HUTIPII10D 9z 2and1yg k
i
20-302 ° =XSSIO ‘82I=XN ‘v@-3SS6E ° =10 ‘0 =331 m
|
SIXV-X u
20 "1 20 ‘0 2@ "T- U
- ' 20 ‘0 :
M
120 1 :
100 ‘2 % m
O ._
m m
lee e § m
— .“
“ :
1o ‘v < .

p—
120 ‘s |

NOILJ3SHILNI-33d




et sl ol Sl S SN S

A AR Bl

*Z @se) ‘proTq AITO0T2\ [BIITUL {SdAEM HOOUg BUTPTITTIOD LT @An31y _
20-3@2 ° =XSSIA ‘821=XN ‘t@-3SGS6E ° =10 ‘D =331 w
. 1
SIXV-X

20 1 P2 ‘@ 20 T - :
r ' 20 ‘€~ p
w
1as *t- m
hiiii |
oo ¢ < “
3 L
r 1

o
los 't O u
| .
< |
120 ‘€ .

o
NOI LDJ3SHILNI-3dd “@S ‘v

PR EVV SIS SIS IS SLo




nsaats Binint AR B aiicitenat O DACAMAMMMIRERER b-rak

TR A st AP LU NI - TP S~ SN

“r. *7 9sep ‘prary Adaduy [erItuy fsanem Yooyg SuIpITIO) g7 2an3dyy

m 2@-302 ° =XSSI0 ‘821=XN ‘v@-ISSEE * =10 ‘D =311

,f

ﬂ SIXV—X

: 29 1 20 "0 oc -

y . [ 20 ‘0

w 100 ‘22

w.

W | 100 ‘ov

y m

.. N

- ﬂ

g 192 ‘@9 4

! <
20 ‘o8

m NOIL1J3SNILINI-3¥d

5

P L@ e




*Z 9se) ‘pPIOTJ 2InsSSalg UOTSTITI0N-1S0J ¢ saAeH >ooyg JUuIpITIO) 67 2andyyg

c@-302 ° =XSSIO ‘82I=XN ‘v@-3SS6E ° =10 ‘0Q0E =x31I

SIXV—X
20 1 o0 ‘0 20 “T-
. . 7 20 ‘@
!;i;i;}j
100 8
- 102 ‘o1
m'i )
m
1 102 ‘ve ¥
c
e 1 2
e 1o0 -z ™
NOI LJ3SHILINI-1S0d

37




4 BEEERD DICOENRE RERSEOS ISUEAOAE BRI I

ﬂ

, *Z 9se) ‘PT2TA4 L3ITsud(q UOFSTII[0)-3IS04 ¢SaAeM yooys Bulpiflo) 0f¢ @andty

_ €@-30<2 ° =XSSI0 '82I=XN "v@—-3SS6E ~ =10 ‘BBOE =y3ILI

F.

| SIXV—-X

P23 "1 20 ‘@ 20 "1 -
r T P20 '@

i

|

: o
m

: Z

. n

! ()

. -

$ <

w NOILJ3ISNIINI-1SOd 90 ‘91

1

#

P T T O T L T N A

3
.
k_h_-._‘._k___":- T A T Y L




P

*7 @se) ‘PT9TJ AITOOTIA UOTSTTI0D-1S0d ¢SaAEM OOUS SUTPITT0D

1€ PIndyy

c@—-302 ° =XSSIAa ‘82l=XN ‘vtO-3SS6E ° =10 ‘OOACE =x3lI

SIXV-X
20 "1 20 ‘0 20 “T-
f T QQ ‘E—-
4
. 1os “1-
SRENEERNNI00000000000000 00000 ORRNNNNNPNR SO RNNNSI N pyr—
»
198 ‘@ <
m
4 1les -t O
|.-
nA
120 €
NOILJ3ISHILINI-1S0d ‘25 ‘v




8

Al T el T &

PO TR VT T i

h,. *7 9sen ‘pTatg L31suyg UOISTTTON-1IS0d $S3aAEM Noouyg Burpiiio) 7€ @andyy

m 2R-302 ° =XSSIA ‘82I=XN ‘P@—3SS6E ° =10 ‘OJ0E =31l U

ﬁ E

. SIXV-X ]

2@ °1 20 "0 20 "1 - w

— r F 20 0 w

1e@ ‘se m

W 1 =

<] 4

oo ‘02 T !

m g

2 4

0 :

I < “

y 120 ‘s@ot .

: 10¢ 3

: 100 "av1 E

: NOILJ3SN3ILNI-1S0d _
1

e, . o . ’ Coon T S LS Y

. . . . e . , . o

. . T N P . . A R .
IR R GRAIEY P B AP PV L aaaas A : Asddd PRSP R M o




Eadradre Shey i ot mis SELENL SR ENE. B L e Sen 4l bg 2 bl e A s SHENCHEL ARG RS

- TiTsTeTETeT e o EYTOY

i
f
.
:
W

*7 9SED ‘PIOIJ 2INSSalg UOTSTITI0D-1504 ¢ SIAEN HOOUS BUTPTTTIOD €€ 2an3Iy

SP@—30c -~ =XSSIA ‘8CI=XN ‘v@-3SS6E ° =10 ‘0009 =My3LI

SIXV-—-X
20 "1 7,1 7: I 7,17, B
r o 20 0

192 °8

41

‘9t

‘ve

JANSS3dd

‘cE

v, | 120 ‘av
X NOILJ3SM3IINI-1S0d




BN A0 A A o n by e« JECER SRS 4;,3“‘.4 D At 44\~ Sl PO et ™ - — g S ie aatr v =y
. - ‘ . . N . 1 - i H ,
A ' . S . . o . ' B ._ L
. Lt p Lo e Lo . ¢ R : | . ] . > K

*7 9se) ‘pioFd LITSud(q UOFSIT10D-1Is0g ¢sanem poyg Bulpr(10o)d ¢ 2and1y

20—-302 ° =XSSIAd ‘82T=XN ‘t@—-3SS6E ~ =10 ‘D009 =y3LI

| SIXV-X
w 20 "1 20 ‘0 20 "1 -
ﬁ r T 20 "0
1 "
%
SERRNIN000000000000000000 000N DOEANNGPt—3¢ o .
20 "2
o jee v 4
- m
Z
- . s
k 20 °9 )
.l.
aA
f 120 '8
: 1@ @1
] NOILJ3SM3IINI-1S0d
”
ﬁ.u




T Ta | DA AN P Ta it T - LS SRR * (R al a0 a ]
w *Z 95e) ‘pPIOTd LITO0T9A UOTSTIT0D-1S04 ¢ SIABM HOOUS BUIPFIIOD Gf 2an3iy

. SB-3082 ° =XSSIA ‘82I=XN ‘P@—-3SS6E ° =10 ‘00029 =311

! 203 °1 20 "0 20 " - L
ﬁ r J 202 ‘€-

w ”» ]
‘. N am ° .H - 1
_., | (2]

5 120 ‘8 <

3 m

- :

. 4 - . 0O

] s ‘1t ., |
w > $
2 < :
5 120 ‘€

n,

3

3 NOIL1J3S¥3LINI-1S0d @S ¥




T A T T T & T

‘7 °se) ‘PIAT4 ABidug UOTSTT[0D-IS04 S9ABM OPOYS SUIPTITTOD 9¢ @an3Ty

c@-382 ° =XSSIA ‘82T=XN ‘v@-3SS6E ° =10 ‘B009 =y31I]

B e iN? el bl Tl Saadll Shaiil it il i a8

SIXV—-X
00 "1 ko "o PO "1 -
.Iassii, ' @e ‘o

: o 2@ "se
M
” doa -, m
| 08 ‘0L mw
: F 2
y )
. 1e2 -sat™

* 9
i »

oo "ev1
NOI1J3S¥3INI-1S0d




T R T W T VT Y Y ¥ T W e T W W T W e

DS N SRR s rRariad M RN Ao L

* 9SEB) ‘pIaTJd 2InssSald UOCTSIT0)D-IS0Jd §SIABM HOOUS BUTPITTOD LE @analyg

2B8-382 ° =XSSI0 ‘821=XN ‘PB3—-3SS6E ° =10 ‘0006 =dy31lI

SIXV-X
2@ "1 00 ‘o 2@ "1-
r ¥ — 22 ‘@

- = 1@ ‘o1

-1 e ‘vz

Iﬂ""l’l‘l‘l‘l"l‘ﬂf 100 "2€E

1202 "oy

NOI1JO3S¥3INI-1S0d

J¥NSS3dd

45

.
—emeaan al

|, SR S Y S U Y Wy




S0 T RO M - sriaiel PECESNEREE R
*g 9sep ‘pIdTd AITSUSQ UOTSTITOD-150J ¢S9AEBN POUS BUIPTT10D gg 2InHT4
cB-3P2 ° =XSSIa-‘s82Tl=XN ‘v@-3GS6E " =10 ‘0006 =x31I]
SIXV—-X
7,17 I 8 20 "0 20 ‘I -
r T 20 "0
*%
%
SENIN0000000000004gt—— - .
* 80 °2

. fee v o

ﬁ L m .

1 | Z

[ - - s k

m 09 = |

r - y

‘ L < |
1ee e :
100 a1

NOILIJO3S¥N3IINI-1S0d

......




T A T T A T T A T  a T & T T T T T & A& e T e

””. *7 95B) ‘PI9T4 KITO012A UOTSTTIO)-ISOJ ¢sSarey oYg BUIPITIV)H 6 2andyg

; 20-302 © =XSSIA ‘82 T=XN "$vB-3ISSEE * =10 ‘G086 =¥3LI
. SIXV-X

. 28T @0 "2 @2 "T-

3 . . 202 "e-
m. ”*

3 1os “1-
g »

3 o qes 1

ALIJOI3A

NOI 1lJ3S¥3INI-1S0d 2s ¢

47




“Illl.ﬂ P UM LMAMRERS P ARAMROA/A A PORAEATMAACIEAL £ NAEAEMC AR LA’ AN AR CARNEAS AN & al s e .00 &
4 -
“,
n. *Z 9Se) ‘pIa1j ABidujy UOISTITOD-IS04 $sOAEM Yooug FuIplil1o) oy oandryg
.
ﬁ 2P-382 ° =XSSIAa ‘82I=XN ‘p@—-3SS6E ° =10 ‘0006 =xy31I
3 SIXVY-X
0 °1 20 "0 22 "1 -
P ————- T 20 ‘2
190 "SE
ﬁ 1 ©
L = | -

: @@ M
; 2 L 7
| 2

b 0
; 120 ‘set™
| ~

e

120 "av1

NOIL1J3S¥3IINI-1S0d

D L Y . T S T P




'Ij":-'.
K .‘.-. C

he e i)

b

p——y—

PP .
@ S

e Sl

vI.

REFERENCES

Sakell, L., "Pseudospectral Solution of One-Dimensional and Two-
Dimensional Inviscid Flows with Shock Waves"”, NRL demorandum Report
4892, August 6, 1982,

Sakell, L., "Solution to the Euler Equation of Motion by Pseudospectral
Techniques”™, paper presented at the 10th IMACS World Congress on System
Simulation and Scientific Computations, Hontreal, Canada, August, 1982.

Sakell, L., "Chebyshev-Series Solutions to the 1-D and 2-D Euler
Equation With Shock Waves™, paper presented at the Symposium on Spectral
Methods for Partial Differential Equations, ICASE, NASA Langley, August,
1982.

Gottlieb, D., Lustman, L. and Orszag, S., "Spectral Calculations of One-~
Dimensional Inviscid Compressible Flows"”, SIAM J. Vol 2, No 3,
September, 1981.

Gottlieb, D. Gunzburger, M. and Turkel, E., “On Numerical Boundary
Treatment of Hyperbolic Systems for Finite Difference and Finite Element
Methods”, SIAM J. Vol. 19, No. 4, Angust, 1982,

-4 VPPN

o SV

§
g

BTN




